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Dry seeds of Acacia erioloba, a southern African desert tree species, contain high levels of ADH which 
separate into six electrophoretic (PAGE) bands in axes and five bands in cotyledons. It is proposed that ADH 
in this species is coded for by three genes and that the isoenzymes arise from intergenic and intragenic 
dimerization of protomers. The number of ADH isoenzymes and activity decreases after germination, this 
change being more rapid in axes than in cotyledons. Decline in activity appears to require active protein 
synthesis. Cycloheximide and nitrogen prevent, but oxygen enhances loss of ADH activity. An ADH inactivator 
was shown to be present in developing axes and may be involved in the regulation of ADH activity. Anoxia, in 
contrast to hypoxia and 2,4-D, is largely ineffective in inducing ADH activity in seedling roots. Roots of well-
aerated plants show one ADH electrophoretic band. Induction causes increase in activity in five ADH 
isoenzymes with most activity occurring in two isoenzymes. 
Droe sade van Acacia erioloba, 'n Suider-Afrikaanse woestynboom, toon hoe ADH-aktiwiteitsvlakke wat in ses 
elektroforetiese (PAGE) bande in assies en vyf in saadlobbe skei. Daar word voorgestel dat ADH in hierdie 
spesie deur drie gene gekodeer word en dat die isoensieme deur intergeniese en intrageniese dimerisasie 
van protomere ontstaan . Die ADH-aktiwiteit en aantal isoensieme neem af tydens ontkieming. Hierdie 
verandering neem vinniger in assies as in saadlobbe plaas. Die afname in ADH-aktiwiteit blyk van prote'ien-
sintese afhanklik te wees. Sikloheksimied en stikstof verhoed die afname maar suurstof bevorder dit. 'n ADH-
inaktiveerder is in ontwikkelende assies aangetoon en mag betrokke wees by die regulering van ADH-aktiwi-
teit. Hipoksiese toestande en 2,4-D induseer ADH-aktiwiteit in saailingwortels terwyl anoksie ondoeltreffend is. 
Goed-belugte saailingwortels toon slegs een ADH-elektroforetiese band. Induksie veroorsaak 'n toename in 
aktiwiteit in vyf isoensieme met meeste aktiwiteit in twee isoensieme gekonsentreer. 
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Abbreviations 
ADH: alcohol dehydrogenase (alcohol: NAD oxidoreductase 
EC 1.1.1.1); 
BSA: bovine serum albumin; 
EDTA: ethylenediaminetetraacetic acid; 
PAGE: polyacrylamide gel electroforesis; 
PMSF: phenylmethylsulfonyl fluoride; 
Tris: tris [hydroxymethyl] aminomethane; 
2,4-D: 2,4 dichloro phenoxy acetic acid. 
Introduction 
Alcohol dehydrogenase (EC 1.1.1.1. ADH) is a dimeric 
(Gottlieb 1982) zinc-dependent (Leblova 1978) enzyme , 
coded for by up to three genes in plants (Hanson et al. 
1984). Although ADH has been extensively studied, 
information has come from relatively few species. Regu-
lation of ADH isozyme induction/production appears to 
vary between species and tissues (Brzezinski et al. 1986 
and references therein). Although some ADH isozymes 
are major anaerobic proteins (Matters & Scandalios 
1986), ADH is not induced by strict anaerobiosis in all 
species (Brzezinski et al. 1986). 
Generally ADH activity increases early in germination 
and declines thereafter (Leblova 1978). An ADH inacti-
vator, which may have a regulatory role and may in some 
cases be responsible for the observed decline, has been 
demonstrated in peas (Suzuki & Kyuwa 1972), maize 
(Ho & Scandalios 1975) and rice (Shimomura & Beavers 
1983). Studies on more species are required to establish 
the possible ubiquity of an ADH inactivator in plants. 
Alcohol dehydrogenase activity could be responsible 
for recycling NAD for active glycolysis under conditions 
of limiting ' oxygen supply and, indeed, a specific 
requirement for ADH activity (presence and induction 
of Adh 1 gene) to survive immersion has been demon-
strated in propagules of maize (Schwartz 1969) and 
barley (Harberd & Edwards 1982). 
Little is known about ADH in desert plants for which 
we assume that environmentally induced anaerobiosis 
rarely occurs. The ontogeny (activity and isozymes) 
during germination and induction of ADH in seedings of 
Acacia erioloba, a southern African desert tree species, 
with a conspicuous preference for well-drained Kalahari 
sand habitats, is described. 
Materials and Methods 
Materials 
Seeds were harvested from Acacia erioloba E. Meyer 
trees growing in the Klerksdorp district, South Africa, 
and stored in stoppered glass bottles at 21°C. 
Gasses (high purity) were obtained from Afrox, South 
Africa. 
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Germination and seedling growth 
Seeds were scarified for 60 min in concentrated H 2S04, 
rinsed thoroughly with distilled water and germinated on 
one layer of filter paper, moistened with 15 cm3 water, in 
500 cm3 Schott Duran reagent bottles at 30°C. For air 
treatments, bottles were stoppered with cotton wool. 
For incubation of seeds in other gas compositions, 
bottles were stoppered with rubber septa and the 
appropriate gas mixture passed through bottles for 30 
min at 24-h intervals, at a rate of 2000 cm3 min-I. Seeds 
were scored as germinated when the radicle had clearly 
protruded the testa. 
In addition to young trees grown in a sandy loam soil 
in a greenhouse, seedlings were also grown in aerated 
Y4-strength Hoagland's nutrient solution. 
Induction of ADH 
In sand-grown plants the effect of flooding and exposure 
to total anoxia on induction of ADH was tested. 
Flooding was achieved by immersing pots, containing 
trees, in water for various intervals. Only the plant 
portion below the cotyledons i.e. hypocotyl and root, 
was flooded. For anoxic treatment, plants, after being 
carefully removed from the pots and soil washed from 
their roots, were transferred to 500-cm3 reagent bottles 
containing 20 cm3 water (plus and minus 200 fLg cm-3 
cycloheximide) previously equilibrated with N2. Bottles 
were stoppered with rubber septa and N2 administered 
as described for the germination experiments. 
A similar technique was used for ADH induction in 
plants grown in nutrient solution and for 48-h-old 
seedlings. Hypoxic treatment consisted of 5% O2 in N2. 
For induction by 2,4-D (50 fLg cm-3 in 1 mmol dm-3 
phosphate, pH 6) plants were bathed in 20 cm3 2,4-D 
solution in bottles. Bottles were stoppered with cotton 
wool. 
Flooding experiments were conducted in a greenhouse 
(27°C day/20°C night). All other induction experi-
ments were performed at 25°C in the dark and bottles 
containing plants were continuously agitated to ensure 
contact between plants and bathing solution. 
Extraction and enzyme assay 
Routinely ADH was extracted from plant material by 
grinding in a mortar and pestle with ice cold 0.1 mol dm-3 
Tris HCI (pH 8.5) containing 14 mmol dm-3 mercapto-
ethanol, 15% (v/v) glycerol,S mg cm-3 BSA (fatty acid 
free), 10 mmol dm-3 sodium tetraborate, 2 mmol dm-3 
EDTA and 0.02% (v/v) Triton X-IOO. The supernatant 
resulting from two consecutive centrifugations at 13 000 
g for 15 min of a homogenate, was used as enzyme 
source. 
ADH activity was measured by following the reduc-
tion of NAD at 340 nm (Racker 1955) after optimizing 
enzyme and substrate levels. A unit (U) of enzyme 
activity is defined as the amount of enzyme catalyzing 
the formation of one fLmole of NADH min-I. 
Assay of ADH inactivator 
Extracts were prepared as described for the deter-
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mination of ADH activity except that the extraction 
buffer consisted of 0.1 mol dm-3 Tris HCl (pH 7.0) 
without additives. 
Extracts of dry seed powder, having high ADH 
activity, were used as substrate ADH. As a possible 
source of inactivator, extracts of axes of 72-h air-
germinated seeds, which had very low ADH activity, 
were used. 
We used an in activator assay similar to that of 
Shimomura & Beevers (1983) with the exception that 
extract mixtures were incubated for longer periods at 
25°C. 
Polyacrylamide gel electrophoresis of ADH 
Extracts were prepared as described for the deter-
mination of ADH activity except that the extraction 
buffer was supplemented, just prior to grinding, with 2 
mmol dm-3 of each of the following protease inhibitors: 
PMSF, amino-n-caproic acid, benzamidine and ] ,10-
phenanthroline. 
Native slab PAGE was performed vertically in a Bio-
rad Mini Protean II electrophoresis system using a 6% 
(w/v) stacking gel and an 8% (w/v) resolving gel. In both 
cases the acrylamide to N ,N '-methylene bisacrylamide 
ratio was 30:0.8. The stacking gel contained 100 mmol 
dm-3 Tris HCL (pH 6.8) and 0.1 mmol dm-3 ZnCI2. The 
running gel contained 125 mmol dm-3 Tris HCI (pH 8.8) 
and 0.1 mmol dm-3 ZnCI2. Gels were polymerized with 
0.03% (v/v) TEMED and 0.03% (w/v) ammonium 
persulfate. Extracts (0.015 U ADH activity) were 
applied to gel tracks in a final glycerol concentration of 
30% (v/v). End tracks also contained 0.01% (w/v) 
bromophenol blue. 
Gels were run at room temperature for 1 h at 17 
mamps, in 12 mmol dm-3 Tris (pH 8.5) containing 100 
mmol glycine and 0.1 mmol dm-3 ZnCI2, in both 
electrode tanks. Gels were stained for ADH activity as 
described by Mayne & Lea (1985). 
In all experiments treatments were replicated at least 
six times. 
Results 
Seed germination 
Since the ontogeny of ADH was followed during germin-
ation it was necessary to determine the time-course of 
germination. In air, germination was rapid and complete 
after 48-h incubation (Figure 1). In 5% O2, germination 
was slower and was complete only after 48 h. Definite 
but slow germination commenced after 48-h incubation 
in N2. The maximum germination observed in N2, after 
incubation periods exceeding 120 h, was 35% (results 
not shown). Protruded radicles did not, however, show 
any further growth in N2. Some germination also 
occurred in cycloheximide as measured by the appear-
ance of the radicle. These radicles appeared even shorter 
than those from the N2 minus cycloheximide treatment 
and, as in the latter case, did not elongate. 
Ontogeny of ADH during germination 
To determine whether ADH is synthesised during 
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Incubation time at 30°C (h) 
Figure 1 Germination of Acacia erioloba seeds in air, 5% O2 
and nitrogen (0 , air minus cycloheximide; e, air plus cyclo-
heximide; 0, 5% O2 ; /:::', nitrogen minus cycloheximide; ., 
nitrogen plus cycloheximide). 
imbibition, seeds were imbibed in the presence and 
absence of cycloheximide. In both axes and cotyledons, 
ADH activity increased rapidly on imbibition, reaching 
maximal activity after 4 to 6 h (Figure 2) . Cycloheximide 
did not prevent ADH activity from increasing. It is 
assumed that cycloheximide penetrates the seed during 
imbibition. This is supported by the fact that the decline 
in ADH activity was prevented by cycloheximide. 
Highest ADH activity was found in ungerminated 
seeds (Figure 2). Axes had almost three times more 
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Figure 2 Change in ADH activity in axes (A) and cotyledons 
(B) of seeds incubated in air and nitrogen in the presence and 
absence of cycloheximide (200 J..lg cm"3) (0, air; e air plus 
cycloheximide ; /:::', nitrogen; . , nitrogen plus cycloheximide). 
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Figure 3 The effect of oxygen and cycloheximide (200 J..lg 
cm"]) on ADH activity of axes (A) and cotyledons (B) of 
Acacia erioloba seeds after 48-h incubation [1, air 6 h (initial 
activity) ; 2, N 2 48 h; 3, air 48 h; 4, 100% 0 2 48 h; 5, N 2 48 h + 
cycloheximide ; 6, air 48 h + cycloheximide; 7, 100% O2 + 
cycloheximide]. 
activity per unit dry weight , than cotyledons (compare 
Figure 2A & B). Alcohol dehydrogenase activity of air-
incubated seeds (minus cycloheximide), dropped rapidly 
in axes after germination , but in cotyledons the drop was 
hardly significant. Only a slight decrease in activity 
occurred in seeds incubated in N2 . Cycloheximide (in air 
and N2) prevented decline in ADH activity . Increasing 
the O 2 concentration of the incubation atmosphere 
enhanced the decline in ADH activity of both axes and 
cotyledons (Figure 3). Cycloheximide counteracted this 
effect. 
Figure 4 shows that axes of 24-h incubated seeds 
contain six , and cotyledons five, electrophoretically 
separable bands having ADH activity. For convenience 
these are termed ADH isozymes . Axes and cotyledons 
of dry seeds contained the same number of isoenzymes 
as these organs in imbibed seeds (results not shown). 
The number of isozymes therefore did not change during 
imbibition . However, after germination i.e. during 
seedling development, the number of isozymes 
decreased (Figure 4) . The slower-moving bands disap-
peared first. Isozyme bands disappeared more rapidly in 
axes than in cotyledons. Eventually only one isozyme 
(band 5) could be detected in young seedling roots . 
Stability and inactivator studies 
The extraction buffer used in all of the above studies 
contained BSA and mercaptoethanol , both known to 
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Figure 4 ADH zymograms of seed axes, cotyledons and 
seedling roots (a , schematic representation of isozymes in axes 
of 24-h incubated seeds; b , axes of 24-h incubated seeds; c, 
cotyledons of 24-h incubated seeds; d, axes of 96-h incubated 
seeds; e, cotyledons of 96-h incubated seeds; roots from 14-
day-old seedlings; roots from 14-day-old seedlings induced 
with 5% oxygen for 24 h). 
protect AOH (Susuki & Kyuwa 1972). To ascertain 
whether an AOH in activator occurs in seedlings of this 
species, extracts were prepared with Tris buffer (pH 
7.0), not containing any additives. Such extracts did not 
exhibit lower initial AOH activities than those prepared 
with 'complete' buffer (results not shown). However, 
'incomplete ' buffer extracts of axes from air-germinated 
seeds were unstable and lost more than 80% of the initial 
activity within 6 h of incubating the extract at 25°C 
(Table 1). This loss was largely prevented by adding 14 
mm 2-mercaptoethanol to the extraction buffer. In 
contrast to axes, extracts prepared from dry seed powder 
were very stable even in the absence of mercaptoethanol 
(Table 1). 
From these results it appears that dry seeds do not 
contain any significant amount of AOH inactivator. It 
was postulated, however, that the instability of axes 
extracts could be caused by the presence of an AOH 
in activator. To test this, extracts of dry seeds (substrate 
AOH) were mixed with extracts of axes (AOH inactiva-
tor) from 72-h germinated seeds and the resi.dual AOH 
Table 1 Effect of 14 mmol dm-3 2-mercaptoethanol on 
percentage of initial ADH activity remaining after 
incubation of extracts at 25°C for 6 h 
Type of tissue extracted with 
0.1 mol dm-3 Tris buffer pH 7.0 
Dry seed minus mercaptoethanol 
Dry seed plus mercaptoethanol 
Axes from 72-h germinated seeds minus 
mercaptoeth anol 
Axes from 72-h germinated seeds plus 
mercaptoethanol 
% Residual activity 
after 6 h 
69 ± 2 
77 ± 2 
16 ± 7 
76 ± 3 
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Figure 5 Effect of volume of buffer or axis extract added to 
50 mm' of dry seed extract on percentage residual ADH activ-
ity after 6 h at 25°C (0, buffer; D , axis extract). 
activity determined after incubation at 25°C for 6 h. 
From Figure 5 it appears that axes extracts inactivated 
dry seed extracts and that the inactivation was concen-
tration dependent. 
Induction of ADH 
In young trees AOH activity was effectively induced by 
hypoxic conditions and 2,4-0 but not by anoxia (Figure 
6). Cycloheximide prevented induction. A similar induc-
tion pattern was observed in axes of germinating seeds, 
but cotyledons did not respond significantly to induction 
(results not shown). 
One electrophoretic AOH band (band 5) was detected 
in roots of well-aerated plants (Figure 4). Induction by 
hypoxia (Figure 4) or 2,4-0 (results not shown) primar-
ily increased activity in bands 4 and 5 and to a slight 
extent also in bands 1, 2 and 3. We were unable to 
induce band 6 in seedling roots. 
Discussion 
The increase in AOH activity during early imbibition of 
Acacia erioloba seeds, before radicle emergence, and 
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Figure 6 Induction of ADH activity in roots of 3-week-old 
seedlings by nitrogen, flooding, 5% oxygen and 2,4-D (50 fLg 
cm-3). (l'I, nitrogen; e, flooded ; D, 5% oxygen;., 5% oxygen 
+ 200 fLg cm-3 cycloheximide; A, 2,4-D; 0, aerated). 
S.Afr.J. Bot., 1990, 56(3) 
the indication that this is not due to protein synthesis , 
because of cycloheximide's inability to inhibit the 
increase, is in agreement with results found in other 
species (Suzuki & Kyuwa 1972; Ho & Scandalios 1975). 
Also, as in other species (Leblova 1978), ADH activity 
decreases during germination. In contrast' to peas 
(Goksoyr et al. 1953; Suzuki & Kyuwa 1972) and 
probably many other species, as deduced from changes 
in whole-seed ADH activity (Leblova 1978), cotyledons 
of A. erioloba show little decline in ADH activity during 
germination, the major change occurring in the axes. 
The decline in ADH activity was observed in extracts 
prepared with buffer containing mercaptoethanol, BSA 
and glycerol. The first two compounds have specifically 
been shown to enhance AOH activity in seed extracts 
(Suzuki & Kyuwa 1972; Shimomura & Beavers 1983) 
while glycerol is widely used as stabilizer during enzyme 
purification. Hence the results cannot be attributed to an 
isolation artefact. The fact that oxygen enhanced , while 
anoxia and particularly cycloheximide, retarded or 
prevented decline in ADH activity , indicates the 
necessity of protein synthesis for this event. Such a 
possibility has been suggested for the inactivation of 
ADH in pea cotyledons (Suzuki & Kyuwa 1972). Scand-
alios (1977) suggests that AOH activity in maize scutellar 
tissue may be regulated by an AOH inactivator. This is 
also a distinct possibility for Acacia erioloba seeds for 
which an AOH inactivator in developing axes was clearly 
shown in this study. 
Six electrophoretically separable ADH bands were 
found in extracts of axes of dry and imbibed seeds and 
five in cotyledons. Since enzyme protectants and 
protease inhibitors were included in the extraction buffer 
these bands do not appear to be artifactual. It is 
proposed that they represent AOH isozymes. 
In some species e.g. maize, AOH is coded for by two 
genes (Adh 1 and Adh 2) and in others e .g. barley by 
three genes (Adh 1, Adh 2 and Adh 3) (Hanson et al. 
1984). Since ADH is a dimer , both intergenic and intra-
genic isozymes of ADH can occur (Torres 1974) . Since 
little is known about the genetics of Acacia erioloba it is 
difficult to explain the origin of the isozymes found in 
this study. The simplest explanation is that AOH in 
Acacia erioloba is coded for by three genes and that the 
isozymes arise from inter- and intragenic dimerization of 
protomers. Further studies would be required to test the 
validity of this hypothesis . 
In most species studied thus far, ADH is induced 
anaerobically (Brezezinski et al. 1986 and references 
therein). It was therefore surprising to find that anoxia 
was largely ineffective in inducing ADH in Acacia 
erioloba seedling roots . However, hypoxia and 2,4-D 
were very effective in inducing ADH. This is not unique 
since in the 'Prize ' cultivar of soybean , anoxia is also 
ineffective in inducing AOH but 2,4-0 is effective 
(Brzezinski et al. 1986). 
Five (of the six) AOH isozymes which occur in seed 
axes could be induced in seedling roots. This appears to 
be a case of tissue-specific gene expression. The factors 
which apparently prevail during seed maturation which 
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lead to expression of all six Isozymes in seed axes 
remains to be clarified . 
The ecological rationale for a desert species such as 
Acacia erioloba to possess functionally inducible AOH 
genes is not clear. It may be a strong indication that 
Acacia erioloba has a non desert origin. On the other 
hand, seed germination may require active ethanolic 
fermentation and hence high AOH activity , since the 
hard seed coats appear to restrict oxygen uptake during 
the early imbibitional stages (unpublished results). A 
similar mechanism has been proposed for Erythrina 
ca//ra , a dry forest species (Small et al. 1989). 
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